Binary blends of poly(methyl methacrylate) (PMMA)/copoly(ether-ester) (COPE) elastomer were prepared under four different compositions by melt mixing technique using twin-screw extruder. The effects of COPE content on thermal and dynamic mechanical properties were investigated using various techniques such as thermogravimetric analysis (TGA), differential scanning calorimetric analysis (DSC), and dynamic mechanical analysis (DMA) for all PMMA/COPE blends. The properties of all the blends were evaluated in comparison with neat PMMA and COPE. All the blends show higher thermal stability than individual component. DSC analysis results reveal that all the blends show two glass transition temperature (T g ) values and the T g value of PMMA has been shifted to lower side due to the presence of COPE content. The two step reduction in storage modulus corresponding to their T g value reveal that the blends are immiscible in nature.
Introduction
In recent times, polymer blends have emerged as a frontier area of research activity in polymer technology. To create a new material with properties beyond those achievable with a single polymer by blending technique has become a challenging area for polymer technologists [1] . Most of the blends are incompatible, and their property depends on compositions and compatibility among the constituents. Many thermoplastics are being blended together mainly to improve the impact strength or toughness out of all other properties. Among amorphous thermoplastics, poly(methyl methacrylate) is one of the most important polymers due to its unique characteristics such as transparency, dimensional stability, and weathering resistance. But it suffers from brittleness and poor chemical resistance. Many scientists have been studied the toughness of this brittle polymer [2] [3] [4] . Gloaguen et al. [5] studied the effect of the rubber particle size on the plasticity of toughened PMMA blends. They considered PMMA blends containing latex particles with a soft core and a hard shell. Lovell et al. [6] prepared multiplelayer toughening particles as impact modifiers for PMMA. Franck and Lehmann [7] have made an important contribution to understanding of rubber toughening of PMMA blends at different deformation speed. Kilwon et al. [8] have investigated the effect of interfacial adhesion on toughening behaviour of rubber-modified PMMA. Toughened PMMA has been successfully prepared by incorporating rubber particles [9] . They achieved superior toughness values with the average particle size of 50 nm in 70 : 30 PMMA/Rubber blend. Blends of PMMA with poly(ethylene terephthalate) (PET) show good processability and high impact strength [10] . Fracture toughness and mechanical behaviour of thermoplastic copoly(ether-ester) (COPE) elastomer toughened acrylonitrile butadiene styrene (ABS) were reported by Sivaraman et al. [11] .
The important aspect of all polymer mixtures is the phase behaviour in the solid as well as molten state. Behaviour in the solid state is traditionally assessed by examining the number and location of T g . Thermal analysis techniques such as DSC are generally employed for measurement of T g . This DSC test procedure is normally done by polymer chemists to test the compatibility (miscibility) of blends/emulsions [12] . T g has become an important parameter in the field of polymer rheology which in turn can be used to describe the mechanical properties of the polymer materials [13] . The T g depends on the molecular mobility of materials in crystalline as well as amorphous structures. For synthetic polymers in the amorphous state, a relaxation region associated with the glass transition is observed at temperatures around and above T g . Recently, authors have reported the improvement in impact strength and other properties of PMMA by the addition of thermoplastic elastomers (TPEs) such as thermoplastic polyurethane, Ethylene Vinyl Acetate, and COPE [14] [15] [16] . Thermoplastic copoly(ether-ester) has most of the desirable characteristics of high-performance elastomer and flexible plastics. Its features are exceptional toughness and resilience, high resistance to creep, impact and flex fatigue, flexibility at low temperature, high elasticity, and retention of properties at elevated temperature. In addition, it resists deterioration from many industrial chemicals, oils, and solvents. This paper presents the thermal and dynamic mechanical behaviours of PMMA/COPE blends. The main objective of this investigation is to study the thermal characteristics of PMMA/COPE blends and the effect of COPE content on the thermal stability and dynamic mechanical characteristics of the PMMA/COPE blends.
Experimental
2.1. Materials. Poly(methyl methacrylate) (Gujpol-P 876G) with density 1.19 g/cc and melt flow index 1.35 g/10 min, was obtained from M/s Gujarat State Fertilizers Company Limited, India. The copoly(ether-ester) (Hytrel 4069) with density 1.11 g/cc obtained from M/s DuPont, USA was used.
Blend Preparation.
The blends of PMMA and COPE under different compositions, namely, 100/0, 95/5, 90/10, 85/15, and 80/20 wt%, were prepared by melt mixing technique using corotating twin-screw extruder (L/D ratio 18 : 1) of Haake Rheocord 9000 (Germany). The polymers were pre-dried in hot air oven at 80 • C for 4 hrs before mixing. The pre-dried granules of PMMA and COPE were mixed as per the compositions, mechanically and fed in to the extruder. The processing temperature range of 145-210 • C and screw speed of 30 rpm were used. The extruded strands passing through the water bath were cut into pellets and vacuum dried and were used for thermo-mechanical studies.
Characterization Techniques.
The thermal stability studies of PMMA, COPE, and their blends were carried out using thermogravimetric analyser (Pyris 201, Perkin Elmer, USA), from ambient temperature to 600 • C at a heating rate of 10 • C/min at N 2 atmosphere. The weight loss with respect to temperature was recorded. The thermal analysis of PMMA, COPE, and their blends were also carried out by using DSC (Q20), TA Instruments Inc., USA. The dynamic DSC run was recorded at a heating rate of 10 • C/min under N 2 atmosphere. For each analysis about 6 mg of sample is used, and scans were recorded in the temperature range −85 to 140 • C. The DSC instrument was calibrated using pure indium metal. The DMAs of all the blends and the virgin PMMA and COPE were also carried out by dynamic mechanical analyzer, model 242 made by NETZSCH Geratebau GmbH, Germany. Rectangular-shape moulded sample was used for testing in the single cantilever mode to measure the storage modulus (E ), the loss modulus (E ), and the phase angle as expressed by Tan δ. Sample was cooled from room temperature to −150 • C, kept isothermally at this temperature for 5 min to equilibrate, and subsequently DMA thermogram was recorded in the temperature range −150 to 150 • C at a heating rate of 2 • C/min under N 2 gas purge.
Results and Discussion
3.1. Thermogravimetric Analysis. Thermogravimetric analysis in terms of weight loss curves of PMMA, COPE, and their blends are shown in Figure 1 . The thermograms of PMMA, COPE and their blends show single-stage degradation. The ash content obtained after complete decomposition reached a minimum 0.5% in the case of virgin PMMA and marginally increases as COPE content increases in its blends and maximum ash in the case of pure COPE (3.5%). The characteristic temperatures obtained from the TGA curves of the virgin materials and their blends are summarized in Tables 1 and 2 . The initial decomposition temperature is low for the PMMA (375 • C) and high for PMMA/COPE (80/20) (400 • C) blend. The thermal stability of PMMA and its blends is more or less same. The temperature at which the maximum weight loss occurs is designated as T max for PMMA is 432 • C and for COPE it is at 440 • C. The T max increases with increase in COPE content in the blends. The temperature at which the decomposition completed (T c ) shows its minimum for PMMA (438 • C) and for COPE (442 • C) and T max increases with increase in COPE content in the blends. This indicates that PMMA/COPE require higher temperature for complete decomposition. This is once again reflected in T 50 , that is, temperature at which 50% wt. loss. The possible explanation of the higher thermal stability of the blends in comparison with the virgin PMMA is that, during thermal degradation, the polymer degrades rapidly and leads to cross-linking reactions and formation of a protective layer, which may be more stable in comparison with the virgin material. From Table 1 , it is noticed the lower values of ash content (0.5%) for PMMA and (3.5%) for COPE. Based upon the mass of carbonaceous char, it is concluded that COPE improves the flame retardancy [17] .
Differential Scanning Calorimetry.
The DSC thermograms of virgin PMMA, COPE, and their blends are shown in Figure 2 . The glass transition temperature, that is, onset of change in the heat capacity which was used to describe the motion of the polymer chain segment. The obtained T g values of the blends from DSC thermograms are given in Table 3 . The virgin PMMA and COPE show single T g at 100.6 • C and −38.1 • C, respectively, whereas their blends show two T g 's which indicates the heterogeneous nature and immiscibility. In PMMA/COPE blends, as COPE content increases the T g corresponding to PMMA shows shift towards lower temperature side which may be due to plasticization effect of COPE in the blends. The T g corresponding to PMMA component decreases from 100.6 • C to 90 • C, similarly T g corresponding to COPE shifts from −38.1 • C to −5 • C. The increase in soft component in PMMA, which generally increases the segmental motion of the polymer networks of the blend which imparts lowering of T g value of PMMA.
Dynamic Mechanical Analysis.
The dynamic mechanical analysis involves the study of dynamic mechanical response of viscoelastic materials to sinusoidally varying strain and is useful in material development [18] . The dynamic modulus indicates the inherent stiffness of the material under dynamic loading conditions. A few polymeric mixtures are compatible and form single homogeneous phase. However, most polymer blends form two phases due to incompatibility of the components. The storage modulus and temperature curves of virgin PMMA, COPE, and their blends containing 5, 10, 15, and 20% of the COPE are shown in Figure 3 . The T g obtained from DMA thermograms is given in Table 4 . The break in modulus curves remains steep, and the modulus is just shifted on temperature scale in proportion to the relative composition of the polymer blends. But, the break in modulus of the curves near T g is not so steep. The two steps in the dynamic modulus-temperature curves, which are very much visible with increase in COPE content, are the characteristics of an immiscible two-phase blend system [19] . The DMA analysis has been carried out to study the effect of COPE content on the storage modulus of PMMA/COPE blends. For all the blend compositions, the storage modulus can be seen decreasing in the investigated temperature range, indicating that the introduction of COPE reduces the storage modulus. The variation of storage modulus is depends on the COPE content. The blends undergo two step reductions in storage modulus, one at the T g of COPE and the other one at the T g of PMMA.
With an increase in COPE content, the reduction of storage modulus at the T g of COPE region is more and vice versa. The modulus of elasticity in the glassy state for the two blends is shown to decrease with increasing COPE content. This result is expected because the material incorporated was a low modulus and flexible material.
The variation of Tan δ as a function of temperature for all blends is shown in Figure 4 . For these blends, the damping temperature curve shows two peaks; each peak is the characteristic of T g of the individual components. The COPE has maximum dampness at −48.1 • C, whereas its blends with PMMA have dampness at −28.0, −24.0, −16.1, and −12.0 for 20, 15, 10 and 5% of COPE, respectively, (T g1 ) (Table 4) . Similarly, T g for PMMA 100.2 has been decreased to 98.6, 98.2, 96.9, and 96.8, respectively, for COPE content 5, 10, 15, and 20%. The magnitude of the peak is more or less characteristic of the relative concentration of the components, whether or not the phases are dispersed or continuous [20, 21] . For instance, at a given concentration, Tan δ is greater in the high-temperature damping peak, if the polymer with high T g value is in continuous phase [20] . It is clear from Table 4 that the T g has broadened with increase in COPE content, indicating reduction in miscibility with increase in COPE content.
Conclusion
Blends of PMMA with thermoplastic copoly(ether-ester) elastomer (COPE) under different compositions (5 to 20 wt% COPE) were prepared by using twin-screw extruder. The thermal behaviour of PMMA/COPE blends show that the presence of COPE increases the thermal stability of PMMA. DSC and DMA analysis results show that two T g 's for all the blends indicating incompatible two phase system and compatibility reduces with increase in COPE content. The blends undergo two step reductions in storage modulus, one at T g of COPE and the other at T g of PMMA. The damping characteristics also show two peaks each for COPE and PMMA in which higher broadening of damping peaks for the blends with higher COPE content indicates incompatibility.
